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Supplementary data for research paper titled "Immersive 3D sketching 
tools: implications for visual thinking and communication" 
Observation 1: The participants used different techniques for VR-sketching and PB 
sketching 
In VR space, the majority of participants did not sketch 3D shapes using single-view sketches. Instead, 
3D shapes were sketched as 3D wireframes (see figure 1A and 1B). When sketching 3D shapes in VR 
space, the participants’ tended to begin by sketching large flat surfaces in plan view before sketching 
the rest of the shape in elevation views. The large flat surface was used as a base to sketch other parts 
of the 3D shape in the correct size and proportion to each other. However, in figure 2A, one participant 
chose to sketch 3D shapes in single-view projection in VR space. It may appear that the participants 
chose to sketch wireframes in VR space and sketch in single-view projection on paper. However, a few 
participants did not follow this distinction and chose to sketch wireframe 3D shapes on paper and 
single-view projections in VR space (see figures 2B-F) Some participants chose to mix the 
representations of 3D shapes, drawing some parts in single-view projection while other parts of the 
same 3D shape were sketched as wireframes.  
Figure 1 (A) The participant sketches the top face of a base plate of a bracket in plan view. (B) the participant 
uses the plan to sketch the rest of the base plate in proportion. 
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Figure 2: (A) The participant sketches 3D shapes in single-view projection in VR space. The participant 
frequently returned to the radiator in the middle of the back wall to inspect the sketch. (B and C) in both 
VR sketches, the outer tube is drawn as a solid shape rather than a wireframe model. When the 
participants were asked why they had sketched the outer tube as a solid, they replied that the line 
thickness of the tube was enough to convey the perception of solidity even though the participants 
represented the central vertical tube in different ways. (D) The participant chose to sketch the outer tube 
as a wireframe on paper even though part of the tube is behind the central tube and would not have 
been seen if sketched as a single-view projection. (E and F) In these sketches, some parts of the 3D shapes 
are sketched in single frame projection while other parts of the same shape are sketched in wireframe 
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During VR -sketching, many participants also edited their sketches by deleting and re-drawing lines 
that were errant or not aesthetically pleasing. Some participants reported that the ease of deleting 
and re-drawing lines imbued them with a sensation of bravery that they would not have experienced 
during PB sketching in which all of their errors would have been displayed (see table 1). In contrast, 
other participants found constant editing of 3D shapes was laborious and increased the effort 
required for VR-sketching. These participants wanted to use assistive sketching tools common to 
CAD systems such as scale and line edit points to reduce the labor of VR-sketching. 
Table 1 Participant responses in evidence of the observation: The participants used different techniques for 
VR-sketching and PB sketching 
Participant Quotation 
C1 Yes, so when I was in VR, I would, start with a square, build 
that up, connect it and that's how I understood that form 
[[...]] You're starting from the bottom and extruding it, 
which you're not doing on paper. 
Yes, I was much freer with my lines on VR because I could 
delete them easily. I think it meant that I was a bit more 
brave when it came to, drawing things straight out. 
D1 it [VR-sketching] seems quite a lot nicer than having a 
paper of your wrongdoings that you can undo, that's nice. 
C2 I thought that it would have been nice to be able to expand 
existing things, [[...]] scale a line you’ve drawn, or be able to 
work into it and kind of bend an existing line, as opposed to 
having to change it and kind of re-draw it. 
Observation 2: In some instances, participants used construction lines to guide the 
placement of lines in VR space. 
Some participants used construction lines to guide the placement of lines and curves; this is a 
technique more commonly associated with PB sketching. Other embellishments such as hatching, 
shading under sketches and fuzzy lines also appeared in the VR sketches. Several participants 
experienced frustration and struggled to sketch embellishments such as hatching and shading (see 
Figures 3 and 2).  
Figure 3. VR sketches of anvils 
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Table 2: Participant responses in evidence of the observation: In some instances, participants used 
construction lines to guide the placement of lines in VR space  
Observation 3: The participants struggle to draw non-planar lines in VR space instead 
they prefer to use straight lines and planar curves to sketch 3D shapes 
The freehand sketching of lines in VR space is quite difficult when trying to sketch 3D shapes 
accurately. In task 1, the participants were asked to sketch the 3D shape of an anvil from 
orthographic projections. The anvil contains several complex non-planar curves which travel through 
all three orthogonal planes (x-y, y-z and x-z). The colored lines of figure 4 highlight the complex non-
planar curves of the anvil. The participants struggled to sketch lines on paper and in VR space that 
did not lie on a single plane. During VR-sketching, many of the participants chose to sketch planar 
lines and curves in place of non-planar lines (see figure 5). In the resulting VR sketches, the planar 
lines and curves sketched by the participants do not capture the complexity and curvature of the 
anvil in figure 4. Some participants traced over lines several times in an attempt to convey the 
complexity of the non-planar curves, but this was with limited results. In contrast, in figure 6, a 
participant sketches a line similar to the purple line depicted in figure 4. When presented with an 
object that has many planar lines and curves, the participants appeared to struggle less with its 
representation in VR space, as shown in figure 7. 
Figure 4: The colored lines are examples of non-planar curves on the anvil. 
Participant Quotation 
A2 trying to gauge things by reference, [...] drawing 
construction and its lines, so you know whether something 
is large or not and how far to go [...] trying to work things 
out it is still quite similar. 
C1 I noticed[...]no, I think there are similarities, but I find that 
when I'm on paper, I’m, planning it out a bit more and not 
drawing. So, if I were drawing something in 3-D, I'd be 
drawing it so that the final presentation, you wouldn't be 
able to see, the wires [construction lines]. Whereas, when I 
was in there [VR space], those [construction lines] are how I 
use and I think it was, therefore a bit easier to think in 3-D 
because you're doing it intuitively. 
D2 I found it quite frustrating that you couldn’t shade because 
of the way the line was drawn; it was this kind of extruded 
shape. So, yes, I missed being able to shade, because I think 
that’s quite a big part of when you are sketching on paper is 
shading something. 
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Figure 5: The anvils of the paper-based sketches and the virtual reality sketches are distorted and ill-
proportioned in comparison to the provided orthographic projection see figure 10. (A) In the VR sketches the 
anvils appeared too straight due to the use of planar curves in place of non-planar curves. (B) In the PB 
sketches, the anvils appeared twisted as the participants struggled to sketch complex non-planar curves on 
paper. 
Figure 6: The participant sketches a nonplanar curve (similar to the purple line in figure 4). 
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Figure 7: (A) Many of the participants did not struggle to sketch straight lines and planar curves in VR space. 
(B) The brackets are quite uniform in proportion and the distortion which was present in the PB sketches of 
the anvils in figure 5-A, is not present here. 
Observation 4: The participants make marks in the z-axis by moving to reorient their 
bodies (even though they can make marks in the z-axis just by moving their hands) 
A possible reason that so many participants struggled to sketch complex lines in VR space and on 
paper is that many participants did not utilize the participant z-axis during VR-sketching. The 
participant z-axis is not available in PB sketching. However, in VR-sketching, the presence of the 
participant z-axis is noticeable and one of the features of VR -sketching that most interests 
participants. Initially, all of the participants sketched freely in the participant z-axis moving their 
sketching hand towards and away from their bodies in long straight lines due to the novelty of being 
in VR space. However, when the VR-sketching tasks began, the participants modified their behaviors 
and only occasionally used the participant z-axis, moving their sketching hand towards and away 
from their bodies to make small marks or copy existing lines. To sketch longer or more complex lines, 
many participants chose to move and reorient their bodies to sketch 3D shapes from other positions. 
Many of the participants sketched 3D shapes as if they were sketching on a series of planes and 
moved around their VR sketches drawing 3D shapes in plan and elevation views. The participants did 
not appear to have a preference regarding sketching orientation (plan or elevation) and they 
switched fluidly between both (see figure 8 and table 3). 
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Table 3 The participants make marks in the z-axis by moving to reorient their bodies (even though they can 
make marks in the z-axis just by moving their hands) 
Participant Quotation 
A3 Whereas I think it is partly as well because, in architecture, 
we draw everything in the flat: elevations and sections and 
plans. [[...]] that, is sort of automatically what my head 
would go to. So, it was quite nice in VR because I could just 
draw a plan and change it, so I was drawing the elevation, 
yes. 
Figure 8: (A) A participant sketches the side profile of a toy car while standing on the left side of the room. 
(B) The participant has moved to the right side of the room to sketch the other side profile of the toy car, 
although this could easily have been sketched from the participant's original position. (C) The participant 
extends her arms to copy the upright arch of a bracket. (D) The participant stiffens and retracts her arms 
while stepping forward to place the copy of the arch by a marker she had sketched previously, even though a 
second arch could easily have been drawn from the participant’s original position. 
Observation 5: The participants avoid colliding with their sketches (even though they 
can do so and it might be the most convenient or direct option) 
The need to move to a new location to continue a sketch rather than extending a hand into the 
participant z-axis may be driven by the perception that doing so would disturb the sketched 3D 
shape. During VR-sketching, many participants became thoroughly engrossed and many exhibited 
behaviors, which indicated an aversion to colliding with their VR sketches even though the VR space 
was clear and the participants were able to move freely. When producing new lines or copying 
existing lines, the participants often contorted their arms and bodies to avoid contact with their VR 
sketches, this was the case even when it would have been much more convenient to move into or 
through existing lines which were, of course, virtual and could not be disturbed by the participants 
‘colliding’ with them. Many participants were also reluctant to move or rotate their sketches even 
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though it would have been more convenient to do so (see figure 9). Most if not all of the participants 
appeared to be unaware of their collision avoidance behaviors. Twelve of the sixteen participants did 
not mention collision avoidance at all during their interviews. However, four participants were aware 
that they could move through their sketches (see table 4). 
Table 4: Participant responses in evidence of the observation. 
Participant Quotation 
D1 That you can, stand in the middle of [...] it's kind of obvious that you 
could do this, but even just stand in the middle of it while you're 
sketching it and it's not going to have a panic attack at you, that you're 
disrupting it, even though you're stood in it. 
Figure 9: (A) A participant contorts her arm and wrist when reaching over the toy car bonnet (hood) to 
sketch a line on top of it. (B) A participant stands on his toes while reaching up and bending his wrist to 
sketch on top of the bracket. (C) A participant adopts a very awkward position while trying to place a copied 
wing onto the body of his sketched plane. 
 9   
Observation 6: VR-sketching requires more effort than PB sketching 
The participants were asked to separately estimate the effort required to perform 12 aspects of VR-
sketching in comparison to PB sketching (see the sketching effort questionnaire in supplementary 
data 4). The responses of each participant to the sketching effort questionnaire were then plotted. 
The plot shows that the participants were split: ten participants thought that VR-sketching required 
more effort indicated by the position of the mean (x) above the 0 baseline (see figure 10). 
Conversely, six participants thought that PB sketching required more effort. This is indicated by the 
positions of the mean below the 0 baseline. However, the mean of five participants is very close to 
the 0 baseline, which indicates that these participants thought there was not much difference in the 
efforts required for VR and PB sketching. It should be noted that none of the participants who 
thought that PB sketching required greater effort has a mean below -20.00 an indication that PB 
sketching does not require high amounts of effort. In contrast, six of the ten participants that 
thought VR required more effort, 20.00 or higher (see figure 10). 
The ranges of the participants’ responses show that each of them experienced VR differently and 
that there is variation regarding which aspects of VR and PB sketching required greater effort. For 
example, participant 007 has the narrowest range and thought that VR and PB sketching required 
very little effort except in four aspects of sketching. In contrast, participant 015 has the widest range 
of responses and thought that lots of effort was required for both VR and PB sketching. Participants 
with large ranges may have given some responses that skewed their data, meaning that it is difficult 
to see which aspects of VR-sketching had a consensus (see figure 10).  
Figure 10: Self -reported relative sketching effort scores for each participant. Positive scores indicate greater 
PB effort. The whiskers represent the minimum and maximum effort scores. The boxes display the spread of 
effort scores between the first and third quartiles. The horizontal line inside the box is the median effort 
score. The dots are outliers, which are more than two standard deviations away from the mean.  
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The graph shows the difference in effort between the VR and PB conditions when the VR condition is 
subtracted from the PB condition (please see the supplementary sketching questionnaire Excel file 
for the raw data). The questionnaire covered twelve aspects of VR and PB sketching Each aspect was 
assigned an effort value between 0 and 100%. The dots are outliers, which are more than two 
standard deviations away from the mean (x). The data represents an underlying analysis which offers 
a nuanced view of how the individual participants judged the effort required for various aspects of 
VR sketching. When responses of the participants are grouped by question, it appears that there are 
several aspects of VR-sketching in which a consensus among participants exists. Figure? supports the 
perception that VR-sketching required more effort than PB sketching (see figure 11). 
Figure 11: Self -reported relative sketching effort scores for each participant. Positive scores indicate greater 
PB effort. The whiskers represent the minimum and maximum effort scores. The boxes display the spread of 
effort scores between the first and third quartiles. The horizontal line inside the box is the median effort 
score. The dots are outliers, which are more than two standard deviations away from the mean. 
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The participants reported that VR-sketching required more effort in judging the quality of sketches, 
making modifications, adding embellishments, changing line details and conveying the meaning of 
their sketches to others. The consensus is particularly clear in question 11, which has the highest 
mean and concerned the effort required to sketch with accuracy in VR space. Nearly all of the 
participants reported frustration regarding the accuracy of their VR sketches. Many of the 
participants struggled to connect the endpoints of straight lines and planes. The participants also 
struggled to sketch truly straight lines and planes, and add embellishments such as hatching and 
shading for instance (see table 5). 
Table 5: Participant responses in evidence of the observation. 
Participant Quotation 
D2 The accuracy, I guess, especially, I guess [PB] sketching is kind of fine, 
but with something in 3D [VR-sketching], it feels like it should be a bit 
more accurate, like the lines joining up and things coming out of their 
planes. I found it quite hard to make every line, kind of right, straight 
in the same plane. 
Observation 7: Whether VR -sketching is preferred to PB sketching is influenced by 
the participants’ characteristics 
It should be noted that some of the participants’ frustrations with the accuracy of VR-sketching is 
attributable to the researchers prohibiting the use of certain assistive sketching tools. However, the 
researchers observed that participants’ preferences for VR or PB sketching were influenced by some 
characteristics of the participants, which may also account for their feelings of frustration. There 
were two groups of preferences among the participants regarding VR and PB sketching. The first 
group of preferences were expressed by participants that were favorable towards VR-sketching. 
These participants appeared to value using their bodies to enhance their understanding of the 3D 
shapes by moving around their sketches and using their bodies to measure the scale of their 
sketches. These participants were surprised by a sense of naturalness which came from sketching 
lines directly into VR space. The participants reported the movement of VR-sketching enabled better 
comprehension of 3D shapes, an improved ability to visualize 3D shapes and an increased sense of 
creativity, these participants valued the ability to sketch at large scales and the ability to rapidly 
construct sketches by using no real materials. However, some participants used their bodies to enter 
and inhabit their sketches, which contributed to a sense of creative freedom reported by the 
majority of participants. 
The same participants exhibited a much less favorable attitude towards PB sketching. The 
participants became very aware of the limitations of PB sketching in comparison to VR-sketching. 
However, the limitations noticed by the participants are not criticisms of PB sketching, but rather, 
they are complaints about the loss of affordances gained during VR-sketching. The participants felt 
that in PB sketching, they could no longer use the abilities they had possessed in VR space. The 
participants mentioned feeling a loss of movement, a loss of sketching at life scale, loss of multiple 
viewing angles and a loss of interaction with their sketches. These participants liked the dynamism of 
VR-sketching and disliked the static of PB sketching. The participants felt very constrained when 
sketching on paper due to its limited size. After sketching in VR space, they struggled to make single-
view projections of 3D shapes. However, the participants made no mention of the flatness of paper 
(see table 6). 
VR-sketching and disliked the static of PB sketching. The participants felt very constrained when 
sketching on paper due to its limited size, after sketching in VR space, they struggled to the single-
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view projections of 3D shapes. However, the participants made no mention of the flatness of paper 
(see table 6). 
R: Okay. Could you describe what it was like sketching on paper, immediately after sketching 
in VR? 
D3: A bit more constrained, by that size of paper. Whereas, obviously, you had the whole 
room to draw in VR. 
R: So, you felt constrained by the size of the paper? Okay, so any reason, would you like to 
explain that a little more? 
The second group of preferences were favorable of PB sketching these participants were glad to 
sketch on paper after sketching in VR space. These participants felt that PB sketching was more 
natural than VR-sketching; they found it difficult to sketch in VR space. These participants also 
actively walked around their VR sketches but appeared to dislike the affordances of VR-sketching. 
The participants do not appreciate the freedom of VR-sketching because it meant that they had to 
make decisions that are not present during PB sketching. The participants are not comfortable 
making extra decisions. One participant claimed that PB sketching enabled her to sketch as she 
pleased comfortably, the implication being that VR-sketching changed her sketching style in a 
manner that she disliked. One participant also criticized the ‘always there’ presence of lines sketched 
in VR space. Another participant claimed that PB sketching was more soothing in comparison to the 
‘always there’ intensity of VR-sketching. In task 5, one participant even chose to sketch in single-view 
projection despite being in VR space. Another participant strongly criticized VR sketching for several 
reasons, including a lack of tactile feedback and an aversion to making decisions in VR-sketching that 
they would not have encountered in PB sketching. The same participant thought that PB sketches 
are better at conveying information in comparison to VR-sketching (see table 6). 
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Table 6 Participant responses in evidence of the observation: Whether VR-sketching is preferred to PB 
sketching is determined by the participants' [attributes] 
Participant Quotation 
B1 Yes, I think it's really exciting and I think it works so well for drawing 
stuff at one to one scale so well, it's amazing to visualize stuff in real 
dimensions. 
B4 I thought it was going to feel stranger than it felt; it kind of felt quite 
real; it didn’t feel unnatural; it felt quite natural being in that virtual 
world. 
C1 Okay. It took a while to get back into it [PB sketching], but then I think 
I started to notice, the limitations of drawing on paper, as soon as I 
was back in there. 
A5 It’s almost harder to draw 3D [[...]] it’s definitely harder to draw 3D 
objects on paper because you can’t move around. Whereas in 
sketching in VR you can move round it and you can draw it as a frame, 
whereas I think it’s harder to do it on paper. 
D4 Because obviously with VR I guess I was limited by how far I could 
walk, whereas, here I felt like I had to draw things really small. 
Whereas VR made me draw things a lot bigger than I normally would 
because I mean could have drawn small stuff. I could have used the 
really, small [line] thickness, but it's more fun to do like, the big one, 
do it life-size, rather than, well, not life. 
C3 On paper, I mean when things are small, it's easy to draw to the 
straight lines and all are all proportionate with things. So, when I 
entered VR, it’s, okay, if I'm going to sketch something, [...]should I 
sketch it in the same size, or should I sketch it a little bit smaller? 
Should I do, normally what I'd do on another piece of paper because 
all the papers have got fixed sizes, A3s and A4s, it’s [inaudible 
06:35:08]. So, okay, I kind of have to think about how big I want the 
drawing. 
I think in terms of the accuracy and information on paper, I think you 
can show a lot more on paper, than in VR. But, that's actually not 
true as well because if you have a 3D object, I mean sketching in 3D is 
obviously, a lot different from building a 3D model in SketchUp. For 
example[...]If I was to spend the same amount of time sketching on 
paper and sketching in VR, I think I would probably get more 
information down on paper than in VR. 
Observation 8: The majority of participants felt that VR and PB sketching required 
different thought processes 
The fact that there were two opposing sets of preferences among participants was an indication that 
the majority of participants felt that VR and PB sketching required different thought processes (see 
table 7). Nearly all participants agreed that VR-sketching was novel and useful, but none saw VR-
sketching as the digital equivalent of PB sketching. The participants may have agreed that VR and PB 
sketching are quite different mediums but they had different views regarding which one requires 
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more thinking to understand 3D shapes. Some participants observed that in PB sketching, it takes 
longer to understand a 3D shape because it is drawn in single-view projection and many sketches in 
multiple angles are required to understand the 3D shape in its entirety. However, another 
participant expressed the opposite view claiming that sketching in single-view projection requires 
less effort because parts of 3D shapes are hidden from view depending on the angle. The wireframes 
of VR-sketching required more thought because nothing can be hidden. The participants also 
observed that in PB sketching more time was spent thinking how to represent 3D shapes on paper as 
opposed to VR-sketching where less thinking was involved. The thinking described by the 
participants is the visualization of 3D shapes. The participants thought that there was an association 
between movement and comprehension. The participants felt that moving around their VR sketches 
enabled them to visualize in a way that is not possible in PB sketching. Visualization can be done 
concurrently with the act of mark making in VR, whereas in PB sketching visualization is done before 
mark making. 
Table 7: Participant responses in evidence of the observation. 
Participant Quotation 
B4 So yeah, but there was definitely a transition between sketching in 
VR and sketching on paper, [...]it’s not exactly the same, I wouldn’t 
say it’s exactly the same medium. Yeah, just going from one activity to 
quite a different activity. 
C3 I think VR gives you more perspective. So, where we can look at it 
from all different angles, therefore, we were able to have a better 
understanding of the options, as you've been given falsehoods [on 
paper] of the same thing. Like one picture taken from a different 
angle, it takes one more step to get your brain to kind of assemble 
the pictures together.  you think about where the pictures been 
taken from, which angle, how that pictures connected with that one, 
but with VR you are just turning around things. 
A3 [...] in 2-D you know that certain things are going to be hidden so you 
sort of can fudge it a bit, whereas I guess VR shows it all up, so you 
have to think more because you have to think more about the whole 
image, rather than just the angle that you see from. 
D3 [On returning to PB sketching after VR-sketching] I think it felt weird 
because I was used to being able to walk around it [in VR space] and 
then suddenly I had to flatten it [on paper]. [...] I think it’s a different 
way of thinking again, so when I had to draw the objects and put all of 
the different viewpoints together [on paper], I had to imagine the 3D 
object in my head first and then draw it. Whereas, in virtual reality, I 
sort of worked out as I went along. 
Observation 9: VR-sketching supports better the translation of mental imagery from 
the mind to visual media. 
Following on from the observation that VR and PB sketching required different thought processes is 
the perception that VR -sketching better supports the translation of mental imagery into VR space 
than PB sketching does (onto paper). Some participants felt that it was easier to draw 3D shapes in 
VR space than it was to draw the same shapes on paper, or to construct them using a CAD system. 
These participants felt that VR-sketching was better for immediately comprehending 3D shapes in 
comparison to PB sketching (see table 8). Some participants were using VR- sketching as a way to 
consolidate and evoke mental imagery. Some participants reported feelings of deep immersion in VR 
space to the extent that they forgot about their physical surroundings. Two participants reported 
feeling like they had been transported to another place during VR-sketching. One participant was 
surprised to see that their VR sketches were not physically present in the room upon removing the 
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VR headset. Another participant was surprised by the lack of disorientation experienced while being 
in virtual space. Ten of the sixteen participants reported that their sense of movement within VR 
space was very compelling. The majority of participants would often appraise their sketches by 
walking in circles around them, making movements of their heads and reorienting their bodies 
without making, deleting or editing marks in their VR sketches. Eleven participants reported that 
they did not experience much delay between the actions used to perform mark-making and the 
expected visual response. 
Table 8. Participant responses in evidence of the observation. 
Participant Quotation 
B1 I think it was surprising how [...] easy it was to just do things and 
translate spaces from your mind into space, without having to spend 
hours and hours on doing sketch models. 
So, I think it's just extremely useful in, kind of consolidating your 3-D, 
sort of imagination into just making sure that things in your mind in 
3D work in real life 
B2 I think it's a lot easier to visualize stuff, immediately in 3D and it's also 
easier to judge scale in sketching. Whereas sketching in flat on paper, 
where you can't see all the views, it's quite difficult to get, an effect of 
the net [the folding of 2D sheets to make 3D shapes]. 
I thought it would be a lot more disorientating than it is because it's 
drawing around you, but actually, I found it easier I would say, more 
enjoyable. 
C2 It allows you to quite easily model a space and[...], evoke what a 
space might be, in [...] [a] really quick manner, without having to do 
3D rendering, or kind of anything that’s like [...] you know, real life 
modelling. 
B4 I think because I felt completely immersed in it, because of the 
headset, [...]it completely covers your vision it’s just like you could be 
in that world, [...][it] completely surround you. 
D1 You’re transported to a different place. Every time you ask us stuff, I 
forget I was in this room 
C3 It's all to do with being able to create something in a virtual world. It's 
really surprising to see, okay, actually nothing happens in real space, 
once you take your headset off. 
Observation 10: The participants regard VR sketching as either a way to sketch, a way 
to model or a way to test 
The participants were using VR-sketching for multiple purposes. This can be seen in the previous 
observation in which participants mention judging the scale of 3D shapes, using their VR sketches to 
consolidate or evoke ideas for 3D spaces (see table 9). The participants also mentioned the speed of 
sketching 3D shapes in VR space as opposed to physical and CAD modelling. Another indication that 
the participants do not view VR-sketching as analogous to PB sketching but rather as something with 
greater versatility. The majority of participants saw VR- sketching as a new way of modelling and not 
as a new type of sketching. The use of VR-sketching as a prototyping tool was prevalent among the 
participants’ interview responses, especially the notion of using VR-sketching to test spaces and 
ideas. VR sketches are disposable; the participants can preview and test their ideas for 3D shapes by 
sketching them directly in VR space quickly and easily with little time, labor and material costs. The 
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participants value the speed of VR-sketching, which affords them extra time to consider their ideas.  
Previously such time was spent on the representation of their ideas. 
Table 9: Participant responses in evidence of the observation. 
Participant Quotation 
D2 I think the thing that’s good about it is that when you’re drawing, I 
normally draw in CAD and I’m not that good at 3-D drawing, it feels 
quite laborious. Whereas sketching, I’d normally sketch it, or draw it in 
CAD 2-D, but what’s nice about that is, that you can draw in 3-D and it 
feels intuitive, which...and you can, kind of use it in a sketchy way 
Whereas, if I’m modelling in a 3-D program if I’m in an architect 3-D 
program I have to, kind of know everything. So, that’s what feels 
quite nice about you can then, kind of actually walk around it and then, 
yes, I guess it’s kind of the same as modelling in 3-D, but it’s just a little 
more intuitive. 
B3 Because it’s really fun and because it’s a good way of testing out spaces, 
at one to one and there’s not...other than, using really big bits of paper, 
or something. There’s not many other ways to do that in, a disposable 
and quick way. 
Observation 11: VR-sketching evokes the same reflective dialogue that is present in PB 
sketching 
A theme that appeared in the previous observation was the intuitiveness of VR-sketching. The 
participants were agreed that VR-sketching felt intuitive and natural (see table 10). However, some 
based their judgements of the intuitiveness and naturalness of VR-sketching by comparing it to 3D 
CAD modelling which they saw as less intuitive and less natural. Other participants associated the 
intuitiveness and naturalness of VR-sketching with the movement of PB sketching. Two participants 
likened the movements of the body during VR-sketching to the movements of the hand in PB 
sketching. One participant saw almost no difference between VR and PB sketching. The participants 
were not aware of the reflective dialogue and did not mention it specifically when interviewed. 
However, when engaged in VR-sketching the participants exhibited behavior consistent with the 
coordination of the eye-brain-hand in visual thinking theories such as seeing-imagining-drawing 
(McKim, 1980), seeing-moving-seeing (Schön 1992) and seeing-as-and-seeing-that (Goldschmidt, 
1991) which are often used to describe behaviors that indicate the existence of a reflective dialogue 
in PB sketching. 
Table 10. Participant responses in evidence of the observation. 
Participant Quotation
D1 That's really nice and it's just so, really
more natural than drawing with a mouse 
or something. But it's still digital, which is 
good. 
D2 Yes, in that it was kind of all done by the
movement of my hand... Yes, so, yes, but I 
guess that was the most similar thing that 
was done by the movement of my hand, 
so it was kind of how I would if I were 
drawing on paper, it was the same 
movements. 
Gestures performed by the participants during VR sketching provided evidence of reflective dialogue 
(see figure 12). The gestures performed by the participants also fit the visual thinking theories. 
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Throughout VR-sketching, all participants performed sense-making gestures whenever they were 
unclear about the anatomy or the arrangement of the sketch. The participants would use their 
sketching or non-sketching hand to point toward or move parts of their VR sketches in mid-air 
without actually disturbing them. Similarly, the participants also performed planning gestures using 
their sketching or non-sketching hand to mark the placement of lines in mid-air without making 
marks in the VR-sketching space. The gestures were often accompanied by utterances in which the 
participants were questioning and clarifying their understanding of their sketched 3D shapes (see 
figure 13). 
Figure 13. A participant makes a series of non-marking gestures to plan the next stage of her sketch of an 
anvil (time progresses from A to D). 
 18 
Observation 12: The degree to which the participants feel present in VR space 
depends on how compelling the sense of movement is and the delay between 
performed actions and expected outcomes 
Ten of the sixteen participants reported that their sense of movement within VR space was very 
compelling. The majority of participants would often appraise their sketches by walking in circles 
around them, making movements of their heads and reorienting their bodies without making, 
deleting or editing marks in their VR sketches. Eleven participants reported that they did not 
experience much delay between the actions used to perform mark-making and the expected visual 
response. 
References 
Goldschmidt, G. (1991). The dialectics of sketching. Creativity research journal, 4(2), 123-143. 
McKim, R. (1980). Experiences in visual thinking Monterey. CO: Brooks/Cole. 
Schön, D. A. (1992). Designing as reflective conversation with the materials of a design situation. 
Knowledge-based systems, 5(1), 3-14. 
 19 
Supplementary data 2  
Script 
Group A Script 
Pre-Study Checklist 
• Payment forms ready? 
• Previous recordings saved? 
• PC Wi-Fi on? 
• Audio/video recorders ready? 
• VR cameras on? 
• GoPro camera charged? 
• VR controllers charged? 
• Room calibrated? 
• VR CAD files ready? 
• Printed CAD sheets ready? 
• Pens/Paper/drawing slope ready? 
• Water, antibac, room temp?
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• Measured participant IPD? 
• Participant IPD calibrated? 





My name is [researcher]. 
I am a researcher, based in the Engineering Department at University 
of XXXXXXX. 
 
Thank you for participating in the Virtual Reality (VR) sketching 
study. 
 
We appreciate your time, enthusiasm and support. 
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Today’s session will last for two hours you will be paid £10 per 
hour for your time. 
 
Please review the participant information sheet (again). 
 
If you are happy to continue please sign the consent form. 
Today, we’re here to run through several drawing exercises on paper 
and in virtual reality. 
 
Don’t worry we are not examining you or the quality of your 
sketching. 
 
We are interested in how you experience VR sketching. 
At the end of all the exercises I will ask for your thoughts on VR 
sketching and then ask you to fill in a few brief questionnaires. 
Any questions? 
________________________________________________________________ 
VR Demo & Practice 
(TIME LIMIT: 10 MINS) 
[researcher to perform this live in front of the participant] 
RESEARCHER 
In a moment you’ll have a chance to play with the VR system. 
 
But first I need to measure the distance between your pupils. 
 
To set the headset to your vision. 
[researcher measures participant IPD and puts on the VR headset] 
RESEARCHER 
On the sides there are two Velcro strips, adjust the strips until 
the headset feels tight but comfortable. 
Try not to let the headset slip down your nose because it would then 
be uncomfortable and blur the focus of the headset. 
On the bottom right side of the headset there is a dial. 
I will turn it to match the distance of your pupils. 
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[researcher calibrates participant IPD] 
RESEARCHER 
Take a few moments to walk around the room to get used to the head 
set and the sketching space. 
Readjust the headset if necessary. 
Be careful not to trip over the headset’s cable. 
A good way to avoid tripping is to hold the cord in your non-
sketching hand. 
 
As you walk around the sketching space a blue grid wall will appear 
if you get too close to a physical wall. 
 
If you feel too hot when wearing the headset feel free to take it 
off. 
If you need to wipe your head anti-bacterial wipes and tissues are 
on the table. 
RESEARCHER 
Now I’ll just quickly show you what the controls are. 
 
Please watch my hand and the screen. 
• To draw a line: Pull the trigger and move your hand. The
faster you move the thinner the line. 
• To change the brush thickness: Swipe your thumb left to right
on the large circle button. 
• To change line color: Press and hold the large circle button.
Move the controller to choose color then release the large circle 
button. 
• To grab part of a sketch: Swipe your thumb up and down the
large circle button to change the size of the see-through red sphere 
in the middle of the controller. 
Move the controller to the desired part. When the part glows red 
press and hold one of the buttons on the side of the controller 
(they’re white in VR). 
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• To move part of a sketch: Grab the desired part. While holding
the side button, move the controller. 
• To copy part of a sketch: Grab the desired part. While holding
the side button, pull the trigger. 
 
Each trigger pull will create a new copy.  
• To delete part of a sketch: Grab the desired part.
While holding the side button, press the button at the top of the 
controller (it’s red in VR). 
• To undo an action: Press the button at the top of the
controller (it’s red in VR).  
There is also a second controller, which I will give you at the end 
of each VR sketching exercise. 
 
• To take a picture of a sketch: Press the button at the top of
the non-drawing controller (it’s blue in VR). 
Point the drawing controller at the camera icon and press the 
trigger. 
Find the best angle to represent your sketch and press the top 
button. 
• To save a sketch: Press the button at the top of the non-
sketching controller (it’s blue in VR). 
Point the drawing controller at the “Save As” icon (to the right of 
the camera). 
Move the sketching controller to type (do not pull the trigger) then 
press done. 
 
[researcher removes the headset and controllers place them on the table. The 
participant puts on the headset and performs the same actions as 
demonstrated by the researcher; instructions are repeated if necessary]. 
RESEARCHER 
For the sake of time, please stick to the actions that were 
demonstrated to you. You will have a chance to sketch whatever you 





(TIME LIMIT: 5 MINS) 
RESEARCHER 
Please remove the headset and controllers and place them on the 
table. 
 
Before we start the exercises please take a minute to get used to 
the pens, pencils paper and drawing slope. 
Feel free to make marks on the paper and get comfortable with the 
pens. 
Please decide whether you want to use the drawing slope and if so, 
the angle that is comfortable for you. 
You can also adjust the light. 
When you feel ready, we will begin the exercises. 
At the end of the sketch: 
Remember to push your chair back in fully after sketching. 
This is just so you don’t bump into it in VR. 
________________________________________________________________ 
Think Aloud Script 
RESEARCHER 
During today’s sketching exercises I will encourage you to think 
aloud. 
When thinking aloud you should do the following: 
 
say whatever’s on your mind; 
 
speak as continuously as possible; 
do not worry about complete sentences or eloquence; 
do not over explain or justify; 
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analyze no more than you would normally; 
get into the pattern of saying what you are thinking about now, not 
of thinking for a while and then describing your thoughts. 
 
Though I am here in the room you are not talking to me. 
Instead, you are to perform these exercises as if you are talking 
aloud to yourself. 
________________________________________________________________ 
 
VR Training task 
(with think aloud, practice) (TIME LIMIT: 5 MINS) 
RESEARCHER  
To help you get used to sketching in VR and also to thinking aloud, 
we will now run through a short three-minute tutorial. 
Please listen to the following instructions and sketch as accurately 
as possible. 
You may ask me to repeat an instruction at any time. Don’t forget to 
think aloud. 
1) Sketch a black ladder with thick lines
2) Sketch a red cone with thin lines
3) Make a copy of the black ladder and delete a rung from it
4) Make a copy of the red cone turn it so that it points in a
different direction 
5) Undo the copy of the red cone
6) Take a picture of all the objects from a single best angle
7) Save your sketch. 







Task 1: Sketch the object shown in the orthographic drawing 
Paper-Based sketch: Bracket (TIME LIMIT: 10 MINS) 
RESEARCHER 
Please listen to the following instructions. 
Please look at the picture printed on the sheet of paper. 
The picture shows the TOP, FRONT and SIDE views of a Bracket. 
I want you to sketch the Bracket in 3D as accurately as possible. 
Please think aloud as you are sketching. 
At the end of the sketch: 
Remember to push your chair back in fully after sketching.  
--------------------------------------------------------------------------------------------------------- 
Virtual-Reality sketch: Anvil (TIME LIMIT: 10 MINS) 
RESEARCHER 
Please listen to the following instructions. 
Please look at the picture displayed in the sketching space. 
The picture shows the TOP, FRONT and SIDE views of an anvil. 
I want you to sketch the anvil in 3D as accurately as possible. 
Please think aloud as you are sketching. 
At the end of the sketch: 
Please take a picture of your sketch from a single best angle. 
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Task 2: Sketch the object according to oral instructions 
Virtual-Reality Sketch Cylinder (TIME LIMIT: 10 MINS) 
RESEARCHER 
Please listen to the following instructions and sketch as accurately 
as possible. 
You may ask me to repeat an instruction at any time but note that 
this exercise leaves some room for interpretation. 
Please think aloud as you are sketching. 
Please look at the 3D cube in the sketching space. 
On the top face of the cube there is an incomplete cylinder 
extending outwards. 
The cylinder twice as long as the height of the cube. 
1) Sketch a second 3D cube sitting on top of the incomplete
cylinder 
2) On one face of one of the cubes sketch a triangular-based
pyramid 
3) On one face of the triangular-based pyramid sketch a
triangular indentation 
4) Change the incomplete cylinder into a complete (hollow) tube
5) Sketch a torus (3D doughnut) encircling the cylinder
At the end of the sketch: 
Please take a picture of your sketch from a single best angle. 
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Please save your sketch 
 
--------------------------------------------------------------------------------------------------------- 
Paper-Based Sketch Pyramid (TIME LIMIT: 10 MINS) 
RESEARCHER 
Please listen to the following instructions and sketch as accurately 
as possible. 
You may ask me to repeat an instruction at any time but note that 
this exercise leaves some room for interpretation. 
Please think aloud as you are sketching. 
Please look at the 3D cube printed on the sheet. 
On the top face of the cube there is a square-based pyramid. 
13) On the bottom face of the cube sketch a cylinder
extending outwards. 
14) Sketch a rectangular indentation on one face of the cube
15) On the face of the cube opposite the indentation sketch a
3D arrow (make the length of the arrow the same as the length of one 
edge of the cube) 
16) Round off one edge of the cube
17) Sketch a hemisphere on one of the remaining faces of the 
cube. 
At the end of the sketch: 





(Visual spatial reasoning) 
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Task 3: Sketch the assembled view of the exploded object 
Paper-Based sketch: Caster Wheel (TIME LIMIT: 10 MINS) 
RESEARCHER Example: toy truck 
 
Please listen to the following instructions. 
Please look at the example exploded view of the toy truck printed on 
the sheet of paper. 
The toy truck in the exploded view is made of several individual, 
internal and external parts. All of which are visible with no 
obstructions or changes in rotation or orientation. 
Next to the exploded view is the assembled view of the same toy 
truck, in which all of the internal and external parts fit together 
to make a whole object. 
When you feel ready, I will show you a new exploded object. It is a 
Caster Wheel. 
I want you to sketch the assembled view of the Caster Wheel. 
Please do this as accurately as possible. 
Please think aloud as you are sketching. 
At the end of the sketch: 
Remember to push your chair back in fully after sketching. 
 
-------------------------------------------------------------------- 
Virtual-Reality sketch: bird house (TIME LIMIT: 10 MINS) 
RESEARCHER Example: toy truck 
 
Please listen to the following instructions. 
Please look at the example exploded view of the toy truck displayed 
in the sketching space. 
The toy truck in the exploded view is made of several individual, 
internal and external parts. All of which are visible with no 
obstructions or changes in rotation or orientation. 
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Next to the exploded view is the assembled view of the same toy 
truck, in which all of the internal and external parts fit together 
to make a whole object. 
When you feel ready, I will show you a new exploded object. It is a 
bird house. 
 
I want you to sketch the assembled view of the bird house. 
Please do this as accurately as possible. 
Please think aloud as you are sketching. 
At the end of the sketch: 
Please take a picture of your sketch from a single best angle. 




(Visual memory and Visual comprehension) 
Task 4: Sketch the object seen earlier 
Show both formats: (TIME LIMIT: 10 MINS) 
RESEARCHER 
Please listen to the following instructions. 
I am going to show two objects to you. 
One object will be printed on sheets of paper (CAR); the other 
object will be displayed in the sketching space (AIRPLANE) 
RESEARCHER  
Paper-based sketch: Car 
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[The researcher presents A4 sheets of images to the participant. The images 
are of a 3D printed toy car. The car is shown from many angles and views, none 
of which are isometric or orthographic].  
Please look at the object printed on the sheets and form an accurate 
image of it in your mind.  
You may take as long as you need to look at the object. 
When you are satisfied with the image of the object in your mind, I 
will take the object away. 
When you feel ready, I will show you the other object in displayed 
in the sketching space. 
RESEARCHER  
Virtual-Reality sketch: Airplane 
 
[In the sketching space, the participant is shown the CAD model of a 3D printed 
toy airplane]. 
Please look at the object and feel free to move, rotate and walk 
around it. 
 
Please form an accurate image of it in your mind. 
You may take as long as you need to look at the object. 
When you are satisfied with the image of the object in your mind, I 
will take the object away. 
When you feel ready you may view both objects again as many times as 
you need. 
When you are satisfied with the images of the objects in your mind, 
I will take both objects away. 
 
Please wait for one minute and then sketch the object that you most 
remember as accurately as possible in the same medium that you saw 
it. 
RESEARCHER  
[If the participant sketches the airplane] 
Please take a picture of your sketch from a single best angle. 
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(Visual expression)  
Free choice 
Virtual-Reality Sketch (only) (TIME LIMIT: 10 MINS) 
RESEARCHER 
Please spend five minutes sketching the sort of things you normally 
sketch on your course (e.g. buildings, products, people). 
At the end of the sketch: 
Please take a picture of your sketch from a single best angle. 
Please save your sketch. 
Question: If you had VR Sketching available to you all the time, do you 
think you would use it? If so, how? If not, why? 
Thank you for completing all those exercises. 
I’d now like to ask you a few questions about your experiences.  
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Supplementary data 3  
Interview Questions 
General Interview Questions 
 
(TIME LIMIT: 5 MINS) 
• What did you find simple about sketching in VR?
• What did you find difficult about sketching in VR?
• Did you find anything surprising about sketching in VR?
• What was it about VR sketching that you most enjoyed?
• What was it about VR sketching that you least enjoyed?
• Did you notice any similarities between PB and VR sketching?
• Did you notice any differences between PB and VR sketching?
• Could you describe what it was like to sketch in VR after sketching in PB?
• Could you describe what it was like to sketch in PB after sketching in VR?
• Is there anything else you would like to tell me about your experience of VR sketching?
Thank you for answering those questions. I’d now like you to complete a questionnaire. 
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Supplementary data 4  
Questionnaires 
Sketching Questionnaire 
Please think about the sketching exercises that you did in today’s session. Place P for PB sketching 
and a V for VR sketching on the line to indicate your thoughts about each medium. 
All of these questions relate to your experience of VR sketching. 
1) How much effort was needed to understand your sketches?
|______________________________________________________________________________| 
Not much 
A lot of 
Effort  
effort 
2) How much effort was needed to make decisions about your sketches?
|______________________________________________________________________________| 
Not much 
A lot of 
Effort  
effort 
3) How much effort was needed to revise decisions about your sketches?
|______________________________________________________________________________| 
Not much 
A lot of 
Effort 
effort 
4) How much effort was needed to generate new ideas for your sketches?
|______________________________________________________________________________|  




5) How much effort was needed to judge the quality of your sketches?
 |______________________________________________________________________________|  





6) How much effort was needed to modify your sketches?
|______________________________________________________________________________|  




7) How much effort was needed to embellish (annotations, hatching, arrows, etc.) your
sketches? 
|______________________________________________________________________________|  




8) How much effort was needed to structure your sketches?
|______________________________________________________________________________|  




9) How much effort was needed to view the evolution of your sketches?
|______________________________________________________________________________|  




10) How much effort was needed to change line details (thicknesses, colors) your sketches?
|______________________________________________________________________________|  




11) How much effort was needed to sketch with accuracy?
|______________________________________________________________________________|  




12) How much effort was needed to convey meaning in your sketches?
|______________________________________________________________________________|  







18. How well could you concentrate on sketching in the VR sketching space or required activities
(e.g. taking a picture and saving a sketch) rather than on the mechanisms used to perform those  
tasks or activities? 
 |________|________|________|________|________|________|________| 
NOT AT ALL SOMEWHAT COMPLETELY 
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VR simulator sickness questionnaire 
Instructions: Circle how much each symptom affected you during the VR sketching tasks 
General discomfort None Slight Moderate Severe 
Fatigue None Slight Moderate Severe 
Headache None Slight Moderate Severe 
Eye strain None Slight Moderate Severe 
Difficulty focusing None Slight Moderate Severe 
Salivation increasing None Slight Moderate Severe 
Sweating None Slight Moderate Severe 
Nausea None Slight Moderate Severe 
Difficulty concentrating None Slight Moderate Severe 
Burping None Slight Moderate Severe 
Blurred vision None Slight Moderate Severe 
Dizziness with eyes open None Slight Moderate Severe 
Dizziness with eyes closed None Slight Moderate Severe 
*Vertigo None Slight Moderate Severe 
**Stomach awareness None Slight Moderate Severe 
*** Fullness of the Head None Slight Moderate Severe 
* Vertigo is a feeling of spinning around and being unable to balance, often caused by looking down
from a height 
** Stomach awareness is usually used to indicate a feeling of discomfort which is just short of 
nausea. 
*** Fullness of the Head is a feeling of pressure in the head caused by the pooling of body fluids. 
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General demographic questionnaire 
Name: 
Age: 
Please circle one: Male Female Other Prefer not to say 
Sketching Hand: 
Please circle one: Left-handed Right-handed Ambidextrous 
Title of course: 
Year of study: 
Approximately how many hours per month do you spend sketching? 
Approximately how many hours per month do you spend making physical models/objects? 
Approximately how many hours per month do you spend using CAD? 
Please list the CAD software that you use: 
Approximately how many hours per month do you spend using virtual reality? 
Please list the VR software that you use: 
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Supplementary data 5 
Video Coding  






EU   
O3 B3 
G1 M4 (LL,Y) 
M3   (LL,Z) M4  (LL,Y) 
M3 
 
(CL,X) B6   
00:05:17-21  00:05:22-32 00:05:32-43 
G1 00:05:19 - “No that’s not right”  
B6 00:05:32 –“It’s OK now.”  
Sketching height  
S = Participant sketching at or above shoulder height (SHOULDER)  
T = Participant sketching between shoulder and waist height (TORSO)  
W = Participant sketching at or below waist height (WAIST) 
Sketching view  
A = Participant looking at the sketch from above  
U = Participant looking sketch from underneath  
L = Participant looking level at the sketch from the side 
Sketching orientation  
P = Particpant sketching in plan view  
EU = Particpant sketching in undefined elevation  
EF = Participant sketching in front elevation  
EB = Participant sketching in rear elevation  
EL = Participant sketching in left elevation  
ER = Participant sketching in right elevation  
EC = Participant sketching Cross-section 
Manipulative gestures  
M1 = head is stationary while sketching line (type) (axis)  
M2 = moves head relative to the body (body stays still) while sketching line (type) (axis)  
M3 = moves body relative to the floor (feet stay still) (includes (1)) while sketching line (type) (axis)  
M4 = moves feet relative to the floor (includes (1) and (2) while sketching line (type) (axis)) 
Line type  
Sketches short line (SL)  
Sketches long line (LL)  
Sketches continuous line (CL) (at least one change of direction in an unbroken line)  
Sketches spiral line (SPI)  
Sketches circular line (CIR) 
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Sketches over previous lines (PL)  
Sketches shading/hatching line (SHL)  
Sketches construction line (CON)  
Sketches flat curved line (FCL)  
Sketches non-flat curved line (NFCL)  
Sketches dotted/dashed line (DL)  
Traces line (TL) 
Movement = (1A) OR (12C)  
(0) head is stationary  
(1) moves head relative to the body (body stays still)  
(2) moves body relative to the floor (feet stay still) (includes (1))  
(3) moves feet relative to the floor (includes (1) and (2))  
A” = to see sketching space  
B = in search of an empty area of sketching space  
C = to see the reference image  
D = to see the CAD model from a different angle  
E” = forwards to see the whole sketch  
F = back to see the whole sketch  
G” = to see the whole sketch from a different angle  
H = to enter the space created by lines already made  
I = to see end view of the previous line(s)  
J = to see the true view of the previous line(s)  
K = to see edge view of the previous line(s)  
L = to see horizon view of the previous line(s)  
M” = around the sketch (instead of walking through it)  
N = extends an arm into the Z axis  
O” = to reach over lines already made  
P = retracts arm in Z axis 
Gestures (no marks made. Gesticulations and Autonomous gestures)  
G1 = Makes pointing gesture (Deictic gesture)  
G2 = Makes a gesture to describe sketch (Iconic gesture)  
G3 = Makes grabbing/holding gesture (Multiple gesture styles)  
G4 = Makes gesture to describe concept/idea/sketch (Metaphoric gesture)  
G5 = Makes safety gesture (e.g. reaching to find a physical wall)  
G6 = Nods head/Thumbs up to indicate satisfaction (Emblem gesture)  
G7 = Shakes head/Thumbs down to indicate dissatisfaction (Emblem gesture)  
G8 = View of gesture is obscured 
Operational actions  
O1 = Deletes previous line(s)  
O2 = Moves previous line(s)  
O3 = Copies previous line(s)  
O4 = Undoes previous line(s)  
O5 = Changes line color of previous line(s)  
O6 = Changes to new line color  
O7 = Changes line weight 
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O10 = Makes headset adjustment  
O11 = Makes controller grip adjustment 
Supplementary data 6 
Interview Content Analysis Sample  
Themes generated from participant interviews 
Visual thinking Activity  Methods  Benefits Costs 
skills 
Visual-spatial • to work out and  Movement Emotions Sketching
     
reasoning judge spatial • body and head • feelings  of 3D objects  
relationships movement  interaction • difficult to
• hand • feelings  of perceive
movement  control over the and 
• inhabiting the  sketch measure 
sketch Movement  objects from
• multiple • simplicity of multiple
viewing angles  movement angles 
(including • standing  in the • difficult to
inside out)  middle  of a represent
• moving parts  sketch without volumes 
of a sketch or  disturbing it
the whole 
sketch
• sketching at 
scale (1:1)





Visual memory • visualization Movement  Perception  Perception  
and • transference of 3D • body and head • immediate • think more
comprehension object from mind to movement  comprehension about the
n virtual space • hand  of a 3D object sketch
• consolidation of the movement • less thinking rather than 
imagination • inhabiting the  than PB the method
• to remember a 3D sketch  sketching of sketching
object • multiple • reduces the need • VR requires
• comprehension of a viewing angles  for prior more 
3D object (including  visualization thinking
inside out) • visualization is
• moving parts  easier in VR
of a sketch or • no need to think
the whole  of how to project
sketch  an  object on 
• sketching at  paper 
scale (1:1) • intensity
• sketching in • constant 
patterns  feedback  from
• practice  sketch to 
sketch/proper  designer 
sketch • opportunity to
 make new 
 discoveries
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48 | P a g e
49 | P a g e
50 | P a g e
51 | P a g e
52 | P a g e
53 | P a g e





59 | P a g e
60 | P a g e
61 | P a g e
62 | P a g e




67 | P a g e
68 | P a g e
69 | P a g e
70 | P a g e
71 | P a g e
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 78
79 | P a g e
80 | P a g e
81 | P a g e
82 | P a g e




87 | P a g e
88 | P a g e
89 | P a g e
90 | P a g e
91 | P a g e
92 | P a g e
93 | P a g e
94 | P a g e
95 | P a g e
96 | P a g e
97 | P a g e
98 | P a g e
99 | P a g e
100 | P a g e
101 | P a g e
102 | P a g e
103 | P a g e
104 | P a g e





110 | P a g e
111 | P a g e
112 | P a g e
113 | P a g e





119 | P a g e
120 | P a g e
121 | P a g e
122 | P a g e
123 | P a g e
124 | P a g e





130 | P a g e
131 | P a g e
132 | P a g e
133 | P a g e
134 | P a g e




139 | P a g e
140 | P a g e
141 | P a g e
142 | P a g e
143 | P a g e
144 | P a g e




149 | P a g e
150 | P a g e
151 | P a g e
152 | P a g e
153 | P a g e
154 | P a g e




159 | P a g e
160 | P a g e
161 | P a g e
162 | P a g e
163 | P a g e
164 | P a g e




169 | P a g e
170 | P a g e
171 | P a g e
172 | P a g e
173 | P a g e
174 | P a g e
175 | P a g e
176 | P a g e




181 | P a g e
182 | P a g e
183 | P a g e
184 | P a g e
185 | P a g e




190 | P a g e
191 | P a g e
192 | P a g e
193 | P a g e
194 | P a g e
195 | P a g e
196 | P a g e





202 | P a g e
203 | P a g e
204 | P a g e
205 | P a g e
206 | P a g e
207 | P a g e
208 | P a g e





214 | P a g e
215 | P a g e
216 | P a g e
217 | P a g e
218 | P a g e
219 | P a g e
220 | P a g e
221 | P a g e
222 | P a g e
223 | P a g e
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